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ABSTRACT 


Aa  experimental  program  la  described  la  which  semi -quantitative 
data  on  absorption  of  radiant  energy  by  alkali  metal  vapors  was  obtained. 
Hie  range  of  variables  covered  were:  temperature,  250  to  600*C|  sodium 
and  potassium  vapor  pressure,  0  to  18  mm  Hg;  vapor  path  length,  4-1/2 
and  8-1/2  inches;  wavelength  region  4000-8800  A. 

The  results  are  reported  in  terms  of  the  decrease  in  intensity  of 
light  passing  through  alkali  metal  vapore  as  functions  of  vapor  pressure, 
temperature  and  oath  length.  Calculated  absorption  cross  sections  are  in 
the  order  of  10~*8  to  10*1?  cm2  for  sodium  and  potassium  vapor  over  the 
wavelength  region  studied. 

The  absorption  of  radiation  by  alkali  metal  vapors  has  been  shown 
to  have  aa  observable  effect  on  the  heat  transfer  in  arc  and  plasma  systems 
and  warrants  a  more  detailed  study  over  a  larger  spectral  range. 
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1.  SUMMARY 


In  high-temperature  arc  and  plasma  systems  using  alkali  metal  additives  to  modify 
electrical  conductivity,  absorption  of  radiant  energy  by  alkali  metal  vapors  and  subsequent 
modification  of  heat  transfer  conditions  can  occur.  The  principal  mechanisms  of  absorption 
are  molecular  band  absorption  in  the  visible  and  near  infrared  regions  and  absorption  due  to 
photolonlxatlon  in  the  ultraviolet  region . 

An  experimental  program  was  conducted  to  obtain  semi -quantitative  data  on  absorption 
by  sodium  and  potassium  vapor  in  the  visible  region .  Preliminary  experiments  showed  that 
an  absorption  cell  with  a  vapor  path  length  of  four  to  10  inches  could  be  used.  We  designed 
and  constructed  an  absorption  cell  in  which  vapor  path  and  temperature  could  be  controlled, 
and  vapor  was  prevented  from  diffusing  to  and  attacking  the  optical  components .  Interfer¬ 
ence  filters  with  band  pass  widths  from  800  to  1500  A  were  used  to  study  absorption  in  vari¬ 
ous  parts  of  the  visible  region.  The  range  of  variables  covered  in  the  experimental  program 
were:  temperature  -  250  to  600°C;  alkali  metal  vapor  pressure  -  0  to  18  mm  Hg;  vapor  path 
length  -  4-1/2  and  8-1/2  inches;  light  source  temperature  -  1000  to  2170°C;  wavelength 
range  -  4000  to  8300  A . 

The  results  of  the  investigation  are  reported  in  terms  of  decrease  of  intensity  of  light 
passing  through  alkali  metal  vapors  as  functions  of  vapor  pressure,  temperature,  and  path 
length.  Absorption  cross  sections  calculated  from  the  experimental  date  range  in  the  order 
of  10*18  to  10*19  cm2  for  sodium  and  potassium  vapor;  sodium  is  the  stronger  absorber  for 
the  region  investigated.  The  absorption  cross  sections  in  the  visible  region  are  substantially 
higher  than  those  in  the  photolonlxatlon  effect  in  the  ultraviolet  (available  in  the  literature). 
The  results  are  applied  to  arc  systems  showing  possible  changes  in  radiation  heat  transfer 
for  several  pressure-path  length  conditions.  Prom  10  to  70  percent  of  the  energy  in  the  visi¬ 
ble  region  can  be  absorbed  in  systems  radiating  as  black  bodies  with  path  length -pressure 
products  from  10  to  100  cm  mm  Hg.  Systems  which  radiate  strongly  in  specific  wavelengths 
rather  than  in  a  continuous  spectrum  can  also  undergo  significant  modifications  in  heat  trans¬ 
fer  due  to  alkali  metal  vapor  absorption.  Absorption  of  radiant  energy  by  the  photoionization 
effect  requires  higher  alkali  metal  pressures  and  path  lengths  than  those  mentioned  above. 

Recommendations  for  future  work  and  a  proposed  design  for  an  improved  absorption 
cell  are  given. 


Manuscript  released  by  the  authors  January,  1963  for  publication  as  an  ARL  Technical 
Documentary  Report . 
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II.  INTRODUCTION 


The  optical  properties  of  gases  and  vapors  have  been  studied  extensively  by  physicists, 
spectroscopists,  and  engineers  for  many  years.  Some  of  the  objectives  of  these  studies  have 
been  to  obtain  Information  ou  the  physical  and  thermodynamic  properties  of  the  elements  and 
compounds,  to  develop  techniques  for  Identification  and  analysis  of  materials,  and  to  provide 
a  better  understanding  of  the  chemical  and  physical  behavior  of  materials  under  prescribed 
environmental  conditions. 

In  heat  transfer,  the  optical  properties  of  several  common  gases  are  of  great  Importance. 
Combustion  products  (such  as  water,  carbon  dioxide,  carbon  monoxide  and  sulfur  dioxide), 
ammonia,  the  hydrocarbons,  hydrogen  chloride,  and  the  alcohols  absorb  and  emit  radiant 
energy  in  wavelength  regions  which  are  Important  In  radiant  heat  transfer  operations  encountered 
In  Industrial  practice.  Industrial  furnaces,  heat  exchangers,  and  rocket  nozzles  are  examples 
of  systems  in  which  absorption  and  emission  by  gases  must  be  taken  Into  account.  The  opti¬ 
cal  properties  of  the  gases  mentioned  above  have  been  studied  both  experimentally^!)  an(j 
theoretically. (2)  Data  on  gas  emlssivlty  and  absorptivity  for  a  wide  range  of  temperatures 
and  pressures  Is  available  for  carbon  dioxide,  carbon  monoxide,  water  vapor,  sulfur  dioxide, 
ammonia,  and  several  other  gases. 

Recent  advances  in  materials  development,  energy  conversion,  and  chemical  physics 
have  led  to  th:  use  of  high  temperature  systems  both  on  an  Industrial  and  research  basis. 
Investigations  of  arc  and  plasma  systems,  for  example,  have  produced  very  high  temperatures, 
and  under  these  conditions,  radiant  energy  may  be  exchanged  In  wavelength  regions  where  the 
symmetric  diatomic  gase3  (N2,  02,  halogens,  and  alkall-metal  vapors)  become  optically 
active.  The  data  on  the  optical  properties  of  these  materials  is  limited,  but  Investigations 
are  in  progress  to  obtain  more  reliable  information. (3) 

The  use  of  alkali  metals  in  arcs  and  plasmas  to  modify  the  electrical  properties  of  the 
system  has  been  suggested  and  studied,  since  the  Ionization  potentials  of  the  alkali  metals  are 
low.  In  addition  to  changing  the  electrical  properties,  the  alkali  metals  may  have  a  signifi¬ 
cant  effect  on  the  radiant  energy  exchange  within  the  system .  The  absorption  and  emission  of 
radiant  energy  In  the  spectral  lines  by  the  alkali  metals  is  well  known  and  has  been  used  In 
temperature  measuring  techniques.  These  metals  also  form  diatomic  molecules,  and  a  sub¬ 
stantial  concentration  of  these  molecular  species  can  exist  In  cool  portions  of  high  temperature 
devices.  Since  the  temperature  In  plasma  and  arc  systems  Is  high  enough  so  that  the  visible 
and  ultraviolet  portions  of  the  spectrum  are  Important,  it  can  be  expected  that  the  diatomic 
species  may  absorb  and  re -radiate  energy  In  these  regions  and  change  the  over-all  heat 
transfer  characteristics  of  the  system.  Experience  in  operation  of  equipment  using  alkali 
metal  seeding  has  Indicated  some  "peculiar"  heat  transfer  characteristics;  these  effects  have 
been  attributed  In  part  to  the  Influence  of  the  alkali  metal . 

The  present  study  was  undertaken  to  show  whether  or  not  alkali  metal  vapors  could  have 
a  significant  effect  on  the  radiant  energy  transfer  in  gaseous  systems.  Although  more  general 
Information  could  be  gained  from  a  complete  study  at  the  spectral  absorption  of  alkali  metal 
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vapors,  the  present  program  waa  designed  to  use  a  minimum  of  Instrumentation  to  determine 
qualitative  Information  on  the  optical  properties  of  the  alkali  metal  vapors.  The  preliminary 
data  obtained  here  waa  to  be  used  to  determine  If  a  more  detailed  study  la  required.  This 
report  contains:  (1)  a  discussion  of  the  principles  by  which  alkali  metal  vapors  may  effect 
radiant  energy  transmission,  (2)  a  description  of  the  experimental  method  used  to  evaluate 
the  transmission  of  energy  through  alkali  metal  vapors,  (3)  a  discussion  of  the  experimental 
results,  and  (4)  a  discussion  of  the  application  of  the  experimental  results  and  data  available 
In  the  literature  to  heat  transfer  In  high  temperature  systems. 
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HI.  BACKGROUND  INFORMATION  AND  LITBRATURB  RBV1BW 


A.  ABSORPTION  OP  RADIATION  BY  GASES 


Radiation  pasalng  through  a  vapor  containing  only  unaaaociated  atoms  may  be  attenuated 
by  two  principal  mechanisms:  absorption  in  the  spectral  lines  of  the  element,  and  absorption! 
due  to  the  photoionization  or  photoelectric  effect.  If  the  atoms  are  associated  to  form  mole¬ 
cules,  radiation  may  bs  attenuated  by  molecular  band  absorption.  A  molecular  photolonlza- 
tlon  or  dissociation  effect  may  also  exist .  These  radiation  attenuation  mechanisms  may  be 
Important  over  different  portions  of  the  energy  spectrum,  depending  upon  the  material  con¬ 
sidered.  In  general,  photoionization  effects  may  be  expected  in  the  ultraviolet  region,  spec¬ 
tral  line  absorption  occurs  primarily  In  the  ultraviolet  and  visible  regions  (for  the  system 
temperature  under  consideration)  and  molecular  band  absorption  may  occur  in  the  ultraviolet, 
visible,  and  Infrared  regions.  Energy  Is  re-radlated  by  the  atoms  or  molecules  when  they 
return  to  their  normal  energy  states  after  the  absorption  processes  mentioned  above.  In  the 
steady  state  operation,  as  much  energy  is  re-radlated  as  is  absorbed;  the  intensity  of  a  beam 
of  radiation  traversing  a  vapor  path  Is  reduced,  however,  since  the  absorbing  atoms  gener¬ 
ally  re-radlate  their  energy  in  all  directions.  Following  is  a  brief  discussion  of  these  absorp¬ 
tion  mechanisms,  with  particular  attention  paid  to  their  Importance  in  a  system  containing 
alkali-metal  vapor. 


1 .  Spectral  Line  Absorption 

The  study  of  atomic  spectra  has  contributed  much  to  our  knowledge  of  the  physical  be¬ 
havior  and  nature  of  matter;  many  volumes  snd  articles  have  been  written  In  the  field.  It  is 
beyond  the  scope  of  this  Investigation  to  give  a  general  treatment  of  atomic  spectroscopy;  in¬ 
stead,  we  will  briefly  discuss  the  importance  of  absorption  spectra  from  a  "heat  transfer" 
viewpoint. 

In  cool  gases,  absorption  of  radiant  energy  takes  place  at  specific  wavelengths,  due  to 
energy  transition  of  the  atoms.  The  principal  absorption  occurs  in  the  transition  from  the 
ground  state  of  the  atom  to  the  first  excited  state  (resonance  lines),  but  absorption  also  takes 
place  between  the  ground  state  and  the  higher  excited  states.  This  mechanism  causes  the 
series  of  dark  absorption  lines  at  specific  wavelengths  when  black-body  radiation  passing 
through  a  vapor  is  viewed  In  a  spectroscope .  The  lifetimes  of  the  excited  atome  are  short, 
and  the  energy  is  re-radiated  to  the  system.  The  natural  breadth  of  the  spectral  lines  is  a 
function  of  the  properties  of  the  atom. 

The  atomic  absorption  coefficient  within  a  spectral  line  can  be  given  in  the  form-/*) 


a 


v 


(v  -  v0)*  +(r/4rr>* 


(i) 
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where  «,  m,  tad  e  represent  the  electronic  charge,  mace,  end  velocity  of  light;  r  le  e 
quantum  mechanical  damping  coefficient,  v0  la  the  oec Illation  frequency,  v  the  frequency  of 
the  beam  passing  through  die  system,  and  f  Is  the  oscillator  strength.  The  absorption  co¬ 
efficient  (within  a  spectral  line)  falls  off  rapidly  at  short  distances  from  the  value  of  v0  ; 
therefore,  the  absorption  lines  are  quite  narrqyr.  Typical  half  breadths  of  the  natural  lines 
are  In  the  order  of  1  x  10**  A.  * 

The  spectral  lines  are  broadened  by  temperature,  pressure,  and  other  effects.  In¬ 
creased  motion  of  the  atoms  with  Increasing  temperature  results  In  a  velocity  or  Doppler 
broadening  of  the  lines .  For  a  line  broadened  only  by  the  Doppler  effect,  the  absorption  co¬ 
efficient  can  be  given  as: 


a 


k  m 


(2) 


where  v  Is  the  most  probable  velocity  of  the  atoms  (v  *  J  2kT/M),  and  the  equation  Is  now  In 
terms  of  wavelength  Instead  of  frequency .  By  rearranging  the  equation,  It  can  be  seen  that 
the  line  breadth  la  directly  proportional  to  die  square  root  of  the  gas  temperature  and  the 
frequency  of  the  radiated  or  absorbed  energy,  and  Is  Inversely  proportional  to  the  square 
root  of  the  molecular  weight .  The  magnitude  of  Doppler  broadening  is  Illustrated  by  the 
estimated  half -intensity  breadth  (Interval  between  two  points  where  the  Intensity  drops  to 
half  Its  maximum  value)  for  the  sodium  D  line  In  a  gas  at  500*K.  The  value,  about  0.02  A, 
le  a  email  number  but  many  times  greater  than  the  natural  half  breadth.  The  Doppler  and 
the  natural  line  breadthi  have  been  estimated  satisfactorily  for  the  alkali  metals. 


Absorption  and  emission  lines  can  also  be  broadened  by  collisions,  l.e. ,  collisions 
with  ocher  atoms  during  absorption  or  emission  of  radiation.  The  collision  half-intensity 
breadth  has  been  estimated  as:(3) 


v  4n pl  P 
8  *  — — 

c  yi vfi^ 


(3) 


where  P  Is  the  pressure,  p  Is  the  optical  cross  section  or  collision  diameter,  n  is  Avoga- 
dro's  number,  and m  is  the  molecular  weight  of  the  gas.  Where  foreign  gases  are  present, 
p.  is  replaced  by  mM/m  +  M,  where  m  and  M  are  the  molecular  weights  of  die  emitting  and 
foreign  gases,  respectively.  The  optical  cross  section  is  found  to  be  several  times  the 
value  given  by  the  kinetic  theory,  and  In  the  case  of  foreign  gases,  optical  cross  sections  of 
10  times  the  kinetic  cross  section  are  not  uncommon.  From  Bquatlon  3,  It  can  be  seen  that 
the  collision  broadening  Increases  with  the  pressure  of  the  system.  For  room  temperature 
and  pressure  conditions,  Doppler  and  collision  broadening  effects  are  of  the  same  magnitude 
for  radiation  In  the  visible  range. 
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Mac*  the  breadth  of  the  atomic  linea  la  small,  even  after  the  broadening  effects  are 
taken  into  account,  it  is  difficult  to  envision  e  significant  amount  of  absorption  (from  a  heat 
transfer  viewpoint)  over  such  a  narrow  portion  of  the  spectrum.  Near  the  series  limit,  the 
lines  come  close  together  and  may  cover  a  sizable  area.  The  absorption  strength,  however, 
becomes  lees;  hence  not  much  absorption  can  occur. 


2 .  Fhotoicnlzatlon  Effect 


In  addition  to  discrete  line  absorption,  atoms  can  absorb  in  continuous  spectra,  due  to 
Ionization  of  the  electron  from  a  bound  level .  The  continuous  absorption  occurs  on  the  short¬ 
wave  length  side  of  die  principal  series  limit.  Although  continuous  absorption  coefficients 
have  been  theoretically  evaluated  for  hydrogen,  attempts  by  several  authorities  to  evaluate 
the  coefficients  for  the  alkali  metaleW  have  had  only  limited  success. 

Considerable  experimental  work  has  been  carried  out  on  the  alkali  metal  vapors;  how¬ 
ever,  there  Is  disagreement  in  the  actual  values  of  the  absorption  coefficients  and  the  Inter¬ 
pretation  of  the  data .  Two  experimental  techniques  have  been  used:  measurement  of  Ionisa¬ 
tion  currents,  and  direct  transmission  measurements.  Ionization  current  measurements 
were  reported  some  30  years  ago,  and  their  reliability  Is  In  doubt,  because  of  experimental 
difficulties.  The  direct  absorption  method  consists  of  measuring  the  decrease  In  intensity  of 
radiation  of  known  wavelengths  when  the  radiation  passes  through  a  tube  filled  with  vapor  at 
a  known  temperature  and  pressure .  This  method  is  subject  to  considerable  experimental  dif¬ 
ficulties,  but  the  results  have  been  self -consistent.  One  of  the  principal  problems  is  that  the 
method  requires  a  cell  with  windows  which  will  not  be  attacked  by  the  alkali  metal  vapor,  but 
which  will  transmit  radiation  of  the  required  wavelength.  The  usual  technique  is  to  have  a 
long  cell  and  to  prevent  diffusion  of  the  alkali  vapor  to  the  ends  and  to  the  windows. 

The  principal  investigator  In  the  alkali  metal  field  Is  ft .  W.  Dttchburn,  who  has  studied 
all  of  the  alkali  metals  and  reported  data  on  the  absorption  coefficients  due  to  photolonlsatlon 
effects. O' “12)  A  review  articled)  gives  atomic  absorption  coefficients  (for  all  the  alkali 
metals)  as  a  function  of  wavelength .  The  experimental  results  presented  can  be  explained  in 
part  by  theory,  but  some  features  cannot  be  predicted.  These  results  are  used  In  a  later 
section  in  calculations  of  radiation  attenuation  In  the  ultraviolet  region.  To  avoid  duplication 
of  existing  data,  we  did  not  conduct  additional  experiments  In  this  region. 

In  addition  to  a  continuous  absorption  due  to  the  photolonlsatlon  effect  on  vapors  in  the 
atomic  stats,  the  molecular  absorption  coefficient  has  been  evaluated  by  Ditchburn  In  some 
regions.  Data  on  the  molecular  absorption  coefficient  Is  difficult  to  obtain  and  not  as  reliable 
as  data  on  atomic  absorption  coefficients.  In  general,  the  molecular  absorption  coefficient  la 
an  order  of  magnitude  greater  than  the  atomic  absorption  coefficient.  However,  for  most 
alkali  metals  under  normally  encountered  conditions,  the  fraction  of  molecules  Is  much  smaller 
than  that  of  unassoclatsd  atoms .  Therefore,  radiation  attenuation  by  atomic  absorption  Is  the 
mors  important  phenomenon. 
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3.  Molecular  Band  Absorption 


Radiant  energy  absorption  by  molecules  can  be  divided  Into  several  types  according  to 
the  portions  of  tbe  spectrum  In  which  they  occur.  Absorption  in  the  microwave  and  far  Infra* 
red  la  due  to  changes  In  the  rotational  energy  of  the  molecule;  absorption  In  the  near  Infrared 
corresponds  to  changes  In  vibrational  energy  of  the  molecule .  Energy  absorption  In  the  ultra¬ 
violet  and  visible  regions  (electronic  band  absorption)  la  due  to  changes  In  electronic  energies 
of  the  molecule.  The  molecular  absorption  bands  are  made  up  of  groups  or  branches  of  lines 
which  occupy  specific  positions,  depending  on  the  vapor  under  consideration.  Individual  lines 
may,  In  some  cases,  overlap,  and  these  cannot  be  resolved  with  practical  laboratory  Instru¬ 
ments.  There  are  selection  rules  to  specify  what  type  of  energy  changes  can  occur  and  what 
the  band  structure  will  resemble  In  view  of  these  changes.  Prom  a  detailed  knowledge  of  the 
band  systems  of  gases,  calculations  can  be  made  to  predict  the  absorption  coefficients,  ab¬ 
sorptivity,  and  emlsslvity  of  the  gas.  The  calculations  are,  In  general,  long  and  complex, 
and  require  fairly  detailed  knowledge  of  the  absorption  spectra.  Radiative  properties  of 
carbon  dioxide  and  water  vapor  calculated  In  this  way  agree  reasonably  well  with  experi¬ 
mental  data.  A  description  of  the  calculation  method  and  procedure  is  given  by  Penner.(^) 

Since  the  alkali  metals  form  only  symmetric  diatomic  molecules  (other  weakly  associ¬ 
ated  molecular  forma  are  possible  but  have  not  been  Identified  positively),  the  region  of  elec¬ 
tronic  band  absorption  will  be  of  Interest.  Observed  transitions  and  band  frequencies  are  re¬ 
ported  by  HerzbergO^)  for  the  diatomic  alkali  metal  molecules  and  for  some  combinations  of 
the  metals.  The  data  Is  extensive  in  some  cases,  but  fragmentary  In  others.  Table  I  shows 
the  location  and  source  of  several  observed  band  heads  for  the  alkali  metals .  In  addition  to 
these  bands,  diffuse  bands  near  the  principal  series  lines  have  been  observed.  These  are 
due  to  weakly  bonded  van  der  Waals  molecules  and  are  probably  of  little  significance  In  ab¬ 
sorption  of  large  amounts  of  energy. 

Prom  this  background  Information,  we  have  concluded  that  absorption  of  radiation  by 
alkali  metal  vapors  over  broad  portions  of  the  spectrum  encountered  In  radiant  heat  transfer 
operations  is  due  to  two  principal  mechanisms:  photoionization  and  molecular  band  absorp¬ 
tion.  A  direct  transmission  technique  was  used  In  this  work  to  obtain  semi -quantitative  data 
on  the  molecular  absorption.  This  data,  when  combined  with  available  literature  Information 
on  absorption  due  to  photolonlzatlon,  should  supply  information  on  absorption  of  radiation  by 
and  heat  transfer  through  gases  containing  alkali  metal  vapors. 


B.  VAPOR  PRESSURE  OP  ALKALI  MBTALS 


In  the  experimental  study  of  absorption  of  radiation  by  alkali  metal  vapors  and  for  the 
practical  application  of  the  results,  it  Is  necessary  to  know  the  vapor  pressure  of  the  alkali 
metal  as  a  function  of:  (1)  temperature,  and  (2)  the  fractions  of  the  vapor  which  are  In  mon¬ 
atomic  and  diatomic  form.  Accurate  vapor  pressure  data  for  the  alkali  metals  Is  difficult, 
because  of  dimerization  of  the  vapor.  A  review  of  experimental  methods  for  obtaining  vapor 
pressure  data  is  given  by  Ditchburn  and  GllmourO*)  along  with  vapor  pressure  data  on  the 
alkali  metals.  More  Information  Is  available  on  sodium  vapor  than  on  the  other  alkallmetals; 
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TABLE  I 


OBSERVED  ABSORPTION  BANDS  OP  ALKALI  MBTAL  VAPORS 


Vapor  Gbaarvod  Tranatttoaa  (1/vqq)  (A) 


Sodium 

6281 

4925 

3410 

3132 

3013 

Fofaaatum 

8568 

6507 

4357 

4063 

3776 

Caslum 

7669 

6227 

6185 

Rubidium 

6822 

4802 

4392 

Lithium 

7132 

4902 

3279 

Data  from  Harzbarg 


.03) 


3629 
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an  extensive  review  of  the  vapor  preaaure  of  aodium  la  given  by  Slttlg.^1*)  The  following  de¬ 
scription  of  the  prlnclplea  for  and  problem*  of  obtaining  information  on  the  vapor  preaaure  of 
sodium  la  characterlatlc  of  all  alkali  metala . 

Aa  aodium  vapor  la  heated,  It  dimerizes  by  the  reaction: 


Na - ►  1/2  Na, 


The  equilibrium  for  the  reaction  can  be  expressed  aa: 


<PNa  > 


1/2 


K 


(4) 


where  and  P^  are  the 
Kls  the  equilibrium  constant 


partial  pressures  of  diatomic  and  monatomic  sodium  vapor,  and 
given  by  the  relation: 


AP°  -  -RT-tnK  (5) 

where  AF^  is  the  (tree  energy  of  dimerization,  T  la  the  absolute  temperature,  and  R  is  the 
gas  constant.  Equation  <3 -4)  indicates  that  the  partial  pressure  of  sodium  molecules  (at 
equilibrium)  la  proportional  to  the  square  of  the  pressure  of  sodium  atoms.  The  free  energy 
of  dimerization  cam  be  obtained  from  the  relation: 

AP°  -  (AF°  -  AH®)d  +  AD°  (6) 

where  A  P°  Is  the  free  energy  change  In  the  Ideal  gas  state  and  AH^  and  AD^  are  the  heat  of 
dimerization  In  the  ideal  gas  state  at  absolute  zero.  The  sum  (AF°  -  AH°)  Is  available 
from  molecular  and  spectroscopic  data  alone.  Published  values  of  die  free  energy  functions 
given  by  several  authors^,  17)  differ  only  slightly.  Accurate  values  of  ADg  are  more  diffi¬ 
cult  to  obtain,  and  there  Is  considerable  discrepancy  between  reported  values.  Emission 
spectrum  measurements^1®^  gave  a  value  of  9300  +  500  cal/gm  atom  Na  for  -ADg.  Other 
spectral  techniques^)  have  resulted  In  values  of  -ADg  of  from  8760  +  230  to  8400+  100  cal/ 
gm  atom  Na.  An  example  of  the  effects  of  error  In  the  evaluation  of  -ADg  has  been  given  by 
Slttlg.  (*5)  These  effects  are  shown  in  the  following  table: 
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Dimerization  Energy 


(cal/gm-atom^) 


Mole  %  N»2 1»  Equilibrium  Vapor 
at  Llated  Temperaturea 

600*  K  1000*K 


8000 

0.4 

5.2 

8500 

1.0 

8.1 

9000 

2.3 

12.2 

9500 

4.9 

17.7 

Thus,  a  small  error  in  dimerization  energy  greatly  Influences  the  fraction  of  molecules  cal¬ 
culated  from  Equation  (4). 

Experimental  measurements  of  sodium  vapor  pressure  have  been  reviewed  by  Stttlg,^) 
Ditchbum,(H)  and  Kelley . (20)  There  Is  considerable  variation  of  the  experimental  data;  the 
data  of  Thiele^1)  is  close  to  calculated  values  using  9100  cal/gm  atom  Na  for  -  AD£  (the 
"best"  value  according  to  Slttlg) .  Work  Is  still  necessary  to  obtain  better  values  of  •  AqP 
and  more  accurate  values  of  the  fraction  of  molecules  and  atoms  In  equilibrium  vapors . 

Figure  1  shows  the  vapor  pressure  and  temperature  data  for  monatomic  and  diatomic 
sodium  vapor  from  several  sources.  The  values  calculated  by  Sittlg^15)  have  been  accepted 
for  use  In  this  study.  Figure  2  shows  vapor  pressure  data  for  other  alkali  metals  reported 
by  several  authors . 


C.  CHEMICAL  REACTIVITY  OF  ALKALI  METALS 


The  alkali  metals  and  their  vapors  are  very  reactive  with  other  materials,  and  consid¬ 
eration  must  be  given  to  these  reactions  when  an  absorption  cell  Is  designed.  The  reactions 
of  sodium  or  sodium  -potassium  alloys  with  metals  and  non-metals  have  been  extensively 
studied,  since  the  liquid  metals  have  many  applications  In  heat  transfer  operations .  Safe 
handling  techniques,  and  chemical  properties  of  the  lloild  sodium  and  allays  are  described 
by  SlttlgdS)  am)  by  the  Atomic  Energy  Commission.  (“)  The  reactions  of  sod.um  vapor  are 
expected  to  be  similar  to  the  liquid  phase  reactions .  Information  on  reacttvlf  of  the  other 
alkali  metals  Is  available  In  the  Liquid  Metals  Handbook^)  and  other  reference  texts  .(2*) 

In  general,  the  alkali  metals  and  their  vapors  react  with  water  to  form  the  hydroxides 
and  hydrogen.  The  reaction  may  be  slow  or  vigorous  depending  on  the  metal  ».nd  the  concen¬ 
trations  present.  The  reactivity  of  the  alkali  metals  increases  with  Increasing  atomic 
weight-  A  brief  summary  of  the  properties  of  the  alkali  metals  and  of  their  reaction  with 
other  compounds,  relative  to  this  study,  Is  presented  here  as  a  guide  for  laboratory  pre¬ 
cautions  and  to  Indicate  which  materials  can  be  used  In  the  presence  of  alkalis . 
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FIGURE  l 

VAPOR  PRESSURE  OF  MONATOMIC  AND  DIATOMIC  SODIUM 
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1.  Sodium 


Sodium  Is  a  olivary  white  metal  melting  at  97.8*C  and  boiling  at  883*C.  It  reacta  with 
air  to  form  the  oxide.  Sodium  will  burn  with  a  yellow  flame  In  oxygen,  forming  the  oxide  and 
peroxide.  Ita  reaction  with  water  le  energetic  and  may  reeult  In  exploalona ,  due  to  the  hydro* 
gen  formed  in  die  reaction.  Liquid  aodlum  reacta  with  hydrogen  gas  to  form  the  hydride,  but 
doee  not  react  with  nitrogen  or  the  noble  gaaea.  Sodium  may  be  easily  handled  In  liquid  or 
vapor  form  by  eliminating  moisture  and  oxygen  from  the  ayatem.  Most  stalnlesa  steels, 
nickel  alloys,  and  refractory  metals  are  usable  aa  container  materials  and  will  not  corrode 
at  temperatures  below  800  to  900°  C.  Copper  and  lta  alloys  may  be  used  at  temperatures  up 
to  300  to  400*C;  aluminum  alloys  are  not  recommended  for  general  use.  Most  glasses 
(Pyrex,  Vycor,  Lead)  are  rapidly  attacked  by  sodium  and  lta  vapor  at  temperatures  above 
300*C;  sapphire  may  be  used  for  moderate  times  at  400*C.  In  an  optical  system,  however, 
slight  attack  of  windows  can  give  very  unreproduclble  results .  In  our  work,  Inconel  Type 
304  stainless  steel,  and  graphite  (All  or  Reactor  Grade  B21)  were  used  In  contact  with  sodi¬ 
um;  dry  argon  was  used  as  the  Inert  material  for  gas  shielding.  The  sodium  used  In  the  ex¬ 
periments  was  analytical  reagent  grade. 


2 .  Potassium 

Potassium  has  a  melting  polntof  63.7*C,  a  boiling  point  of  760*C,  and  Is  slightly  more 
reactive  than  sodium.  It  reacts  with  air  and  oxygen  to  form  the  monoxide  at  low  tempera¬ 
tures  and  the  peroxide  at  higher  temperatures .  It  reacts  violently  with  water  and  may  form 
an  explosive  carbonyl  when  reacted  with  carbon  monoxide.  The  vapor  appears  to  have  a 
greenish  color  at  low  temperatures  and  a  violet  color  at  high  temperatures.  Container  ma¬ 
terials  suitable  for  sodium  are  generally  usefol  for  potassium.  Potassium  also  attacks  most 
glass  surfaces .  In  our  work  we  found  it  Impossible  to  use  potassium  In  contact  with  graphite; 
stainless  steel,  however,  showed  no  reaction.  Potassium  Is  generally  stored  under  saturated 
aromatic  and  adphatlc  hydrocarbons  to  prevent  oxidation.  Nitrogen  and  the  noble  gases  do 
not  react  with  iotas  slum  significantly.  Potassium  used  In  our  experiments  was  technical 
grade  with  sodium  as  the  major  impurity. 


3,  Lithium,  Cesium,  and  Rubidium 

These  materials  were  not  used  In  the  experimental  portion  of  this  work.  Lithium  Is 
similar  to  sodium  and  potassium,  but  less  reactive.  It  reacts  with  oxygen  and  water  to  form 
the  oxide  or  peroxide.  It  reacts  with  nitrogen  to  form  LI3N,  in  contrast  with  other  alkali 
metals.  Although  It  Is  generally  less  reactive,  it  forms  many  alloys  with  metals  and  thus 
may  be  dlfflcu]:  to  contain. 

Cesium  i  the  most  volatile  of  the  alkali  metals  and  is  very  reactive.  It  burns  In  air 
and  must  be  ke  <t  shielded  with  oil  or  inert  gas.  Cesium  reacts  violently  with  water  and  water 
vapor,  but  Is  it  ert  to  argon,  helium,  and  nitrogen.  At  low  temperatures,  cesium  does  not 
attack  other  metals  and  glasses  as  rapidly  as  the  other  alkalis. 
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Rubidium  Um  between  poteen  turn  end  centum  in  reactivity  end  other  proportion .  It  ig- 
nltee  in  air  end  oxygen  end  burns  with  e  bhiteh  fie  me .  It  te  eleo  stored  under  an  inert  fluid 
such  as  oil  or  benzene .  Rubidium  reacts  violently  with  water  end  forms  alloys  with  many 
metals.  It  is  inert  to  nitrogen,  argon,  and  helium. 
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IV.  PRELIMINARY  EXPERIMENTS 


In  order  to  confirm  the  type  and  size  of  the  apparatua  required  to  meaeure  the  absorp¬ 
tion  of  radiant  energy  by  alkali  metal  vapors,  we  constructed  an  experimental  absorption  cell 
and  conducted  several  introductory  experiments .  The  initial  study  indicated  that  the  signifi¬ 
cant  absorption  of  light  by  sodium  vapor  could  be  measured  by  fairly  simple  techniques.  The 
work  also  pointed  out  some  of  die  difficulties  which  we  might  encounter  in  later  experiments. 


A.  PRELIMINARY  APPARATUS 


Figure  3  shows  a  photograph  of  the  preliminary  absorption  cell  and  accessory  appara¬ 
tus  .  The  cell  was  constructed  from  a  stainless  steel  tube  one  inch  in  diameter  and  36  inches 
long.  Pyrex  windows  were  mounted  in  flanges  attached  to  the  ends  of  the  tube.  Vacuum  and 
inert  gas  connections  were  placed  at  each  end  of  the  tube.  Water  cooling  colls  were  fixed  to 
the  ends  of  the  cell.  A  chromel-alumel  thermocouple  (contained  in  a  stainless  steel  sheath) 
was  placed  within  the  cell.  The  absorption  cell  was  placed  in  a  standard  tube  furnace;  the 
temperature  of  the  furnace  and  cell  was  regulated  by  using  a  varlac  transformer.  We  did  not 
attempt  to  control  temperature  along  the  length  of  the  cell .  A  tungsten  strip  lamp  placed  at 
one  end  of  the  cell  was  used  as  a  radiation  source.  A  Weston  light  meter  or  type  931 -A  pho¬ 
tomultiplier  tube  was  placed  at  the  other  end  of  the  cell.  Visual  observation  of  the  vapor  was 
made  with  a  Beck  reversion  spectroscope . 

The  sodium  to  be  vaporized  was  placed  in  a  small  tantalum -foil  boat  and  located  at  the 
center  of  the  absorption  tube.  From  thermocouples  located  on  the  outside  of  the  absorption 
cell,  we  determined  the  location  of  the  highest  ftimace  temperature;  and  the  alkali  metal 
boat  was  placed  at  this  corresponding  location  within  the  cell .  The  sheathed  thermocouple 
was  positioned  close  to  the  boat  so  that  its  temperature  and  the  corresponding  vapor  pressure 
of  the  alkali  metal  vapor  could  be  determined . 

In  the  attempt  to  establish  a  fixed  vapor  path,  two  vapor  barriers  were  placed  within 
the  cell.  Each  of  these  consisted  of  a  tube  1/2  inch  in  diameter,  8  to  10  Inches  long,  and 
held  concentric  with  the  cell  by  spacers.  (See  Figure  8.)  The  spacers  filled  the  one -inch 
tube  and  prevented  diffusion  of  vapor  through  the  annulus  formed  by  the  two  tubes .  The  vapor 
barriers  were  placed  in  the  cell  leaving  free  spaces  of  two  or  four  Inches.  These  vapor  bar¬ 
riers  did  not  perform  satisfactorily,  for  reasons  discussed  later. 

In  the  operation  of  this  apparatus,  the  tungsten  bulb  was  set  at  a  fixed  temperature,  the 
furnace  temperature  was  raised  in  small  Increments,  and  the  reading  of  the  light  meter  or 
photomultiplier  tube  (connected  to  a  micro-ammeter)  was  recorded.  After  the  maximum 
temperature  for  any  experiment  was  reached,  the  furnace  was  cooled  slowly  and  cleaned  be¬ 
fore  the  next  teat . 


IS 
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PHOTOGRAPH  OF  PRELIMINARY  APPARATUS 


B.  RESULTS  OP  PRELIMINARY  TESTS 


Figure  4  shows  the  results  of  the  preliminary  tests .  The  relative  transmission  of  radi¬ 
ant  energy  through  sodium  vapor  is  plotted  as  a  function  of  the  maximum  vapor  pressure  in 
the  tube.  The  maximum  vapor  pressure  is  assumed  to  be  that  in  equilibrium  with  liquid  sodi¬ 
um  at  the  temperature  of  the  tantalum  boat.  Three  curves  are  shewn,  representing  different 
detectors  and  different  vapor  path  lengths .  It  is  apparent  that  the  relative  transmission  of 
light  decreases  repidly  with  increasing  vapor  pressure.  The  results  using  the  photomultiplier 
and  light  meter  were  quite  similar.  This  would  be  expected  if  the  absorption  of  energy  is  uni¬ 
form  throughout  the  entire  spectrum  measured  by  these  detectors  or  if  the  detectors  measure 
essentially  the  same  spectral  region  with  the  same  sensitivity.  An  example  of  the  absorption 
in  different  regions  of  the  spectrum  is  given  In  Figures  5,6,  and  7,  which  show  spectrograms 
observed  through  the  reversion  spectrometer.  At  low  temperatures  and  corresponding  low 
partial  pressures  of  the  alkali  vapor  only  the  narrow  "D"  lines  are  observed  (Figure  5).  As 
the  vapor  pressure  is  raised,  the  "D"  lines  become  broader.  Further  increase  in  the  pressure 
produces  bands  in  the  red  and  blue  regions,  due  to  the  formation  of  sodium  molecules  (Figure 
6).  At  the  point  where  Figure  7  was  taken,  only  a  small  amount  of  light  was  transmitted 
through  the  vapor  column,  and  the  vapor  appeared  dark  green. 

Experiments  conducted  with  two  apparently  different  vapor  path  lengths  gave  unexpected 
results.  This  can  be  resolved  by  consideration  of  the  actual  vapor  path  and  the  dimensions 
indicated  in  the  diagram  in  Figure  8.  The  vapor  can  be  assumed  to  fill  the  large  central  sec¬ 
tion  of  the  cell  to  almost  a  constant  pressure,  l.e.,  a  constant  partial  pressure  of  the  alkali 
metal  vapor .  The  partial  pressure  of  the  vapor  within  the  vapor  barrier  zones  varies  from  P0 
at  the  end  adjacent  to  the  central  section  to  a  very  small  value  near  zero  at  the  cold  end.  The 
product  of  path  length  times  partial  pressure,  the  quantity  which  is  important  in  determining 
the  intensity  of  the  transmitted  light,  can  be  given  approximately  by  the  following  expression: 

path  length  x  pressure  =  PQL0  +  (2)  (1/2)  (P0)  L  (7) 

since  the  average  pressure  in  the  barrier  zone  is  approximately  1/2  PQ.  The  dimensions  are 
shown  in  Figure  8.  Thus,  changing  the  path  L0  from  two  to  four  inches--as  was  done  in  the 
experiments--actually  only  Increases  the  "total"  path  length -pres sure  product  by  about  17  per 
cent.  The  energy  transmission  through  the  cell  would  not  be  expected  to  decrease  greatly  for 
the  change  in  length  of  the  central  portion  actually  used  in  the  experiments . 

The  preliminary  experiments  pointed  out  that  with  absorption  cells  with  vapor  path  lengths 
of  from  four  to  ten  Inches,  absorption  of  radiation  in  the  visible  region  would  be  large  enough 
to  be  easily  measurable .  The  problem  of  accurately  specifying  the  vapor  pressure  distribution 
and  the  path  length  was  emphasized.  Preliminary  results  also  showed  that  use  of  interference 
filters  to  measure  transmission  in  different  spectral  regions  would  be  valuable  in  studying  the 
absorption  of  alkali  metal  vapors. 
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Relative  Intensity  of  Transmitted  Light 


Total  Vapor  Preisure  of  Sodium  (mm  Hg) 


FIGURE  4 

RESULTS  OF  PRELIMINARY  TESTS 
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SPECTRA  OF  SODIUM  VAPOR  THROUGH  BECK  REVERSION  SPECTRASCOPE 


21 


DIAGRAM  OF  PRELIMINARY  ABSORPTION  CELL 


V.  EXPERIMENTAL  APPARATUS 


A.  ABSORPTION  CELL 


1 .  Ab«orptlon  Tube  and  Heaters 

Based  upon  the  results  of  the  preliminary  experiments,  we  designed  and  constructed 
die  absorption  cell  shown  dlagrammatlcally  In  Figure  9.  The  absorption  tube  consists  of  a 
3/4-inch  l.d.,  schedule  40  Inconel  pipe,  40  Inches  long.  The  end  pieces  are  two  Inches 
long,  and  each  contains  vacuum  and  Inert  gas  connections,  a  thermocouple  feed-through,  and 
a  one-inch  diameter  quartz  window.  "0"  rings  are  used  to  seal  the  windows  to  the  end  sec¬ 
tions  and  the  end  piece  to  the  absorption  tube.  The  end  sections  can  be  removed  and  reas¬ 
sembled  rapidly.  There  are  no  constrictions  In  the  absorption  tube  to  hinder  removal  of  the 
vapor  barriers  or  to  prohibit  cleaning.  Six-Inch  lengths  of  1/4-lnch  copper  colls  are 
wrapped  around  the  absorption  tube  near  the  ends  of  the  tube.  The  absorption  cell  was  heated 
In  several  sections.  For  experiments  using  both  eight-inch  and  four-inch  nominal  vapor  path 
lengths,  three  primary  heaters  and  four  auxiliary  heaters  were  used.  Temperatures  of  the 
cell  were  regulated  by  controlling  the  heater  voltages  with  variable  transformers  and  were 
measured  at  16  points  along  the  heated  portion  by  chromel -alumel  thermocouples.  The  ther¬ 
mocouple  output  was  read  on  a  16-point  recorder  so  that  a  continuous  record  of  absorption 
cell  temperatures  could  be  obtained  during  the  experiments .  A  discussion  of  the  temperature 
profiles  obtained  In  the  cell  la  given  later. 


2 .  Vapor  Barriers  and  Alkali  Metal  Boats 

Several  types  of  vapor  barriers  were  used  to  obtain  specified  vapor  path  lengths.  Fig¬ 
ure  10  shows  a  photograph  of  the  graphite  vapor  barrier  used  In  sodium  experiments  with  an 
eight-inch  vapor  path.  The  ridges  on  the  outside  of  the  barrier  eliminate  "light  leakage"  and 
provide  for  smooth  Insertion  of  the  barrier  into  the  absorption  cell.  As  shown  In  the  figure, 
stainless  steel  boats  were  attached  to  the  inner  face  of  the  barrier.  Directly  above  the  boat 
In  die  center  of  the  barrier  Is  a  small  hole  through  which  the  light  beam  passes  (and  the 
vapor  diffuses).  The  stainless  steel  is  trimmed  away  from  the  hole  in  order  not  to  obstruct 
the  light  path.  The  hole  was  1/2  inch  long  and  its  diameter  was  varied  from  0.060  to  0. 125 
Inches.  A  1/2 -Inch-diameter  threaded  hole  was  drilled  through  the  remainder  of  the  vapor 
barrier.  The  barrier  could  be  accurately  positioned  within  the  cell  by  using  a  long  rod 
threaded  Into  the  1/2 -Inch  hole.  A  stainless  steel  sheathed  chromel-alumel  thermocouple 
was  passed  through  a  hole  near  the  periphery  of  the  vapor  barrier;  the  thermocouple  Junction 
was  In  direct  contact  with  the  stainless  steel  boat.  The  thermocouples  used  to  measure  the 
temperature  of  the  boat  and  alkali  metal  were  calibrated  at  the  freezing  and  boiling  points  of 
water  and  at  the  freezing  point  of  zinc  (419.4°Q.  During  the  experiments  the  boat  tempera¬ 
tures  were  read  on  a  Leeds  A  Northrup  potentiometer. 
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FIGURE  9 


The  graphite  vapor  barriers  performed  satisfactorily  during  the  sodium  experiments. 
However,  when  potassium  was  used,  the  barriers  were  rapidly  attacked  by  the  vapor,  and  the 
light  path  became  obscured.  Figure  11  shows  a  photograph  of  a  vapor  barrier  after  reaction 
with  potassium  vapor .  Stainless  steel  vapor  barriers  of  similar  design  but  slightly  shorter 
over-all  length  were  fabricated  and  used  in  all  potassium  vapor  experiments  and  in  experiments 
with  a  four  Inch  sodium  vapor  path.  These  barriers  showed  no  apparent  reaction  with  the  al¬ 
kali  metal  and  could  be  inserted  Into  the  absorption  tube  easily  with  little  lig^it  leakage  around 
the  edges. 

Two  alkali  metal  boats  were  used  in  the  experiments  with  an  eight-inch  vapor  path;  each 
was  attached  to  a  center -face  of  the  vapor  barrier.  During  any  experiment,  the  temperatures 
of  the  boats  were  matched  to  within  2*C.  A  single  stainless  steel  boat  was  used  In  the  experi¬ 
ments  with  a  four-inch  vapor  path.  The  boats  were  about  1/2-tnch  long,  1/4-lnch  high,  and 
shaped  like  a  segment  of  a  cylinder  with  the  center  hollowed  out  to  contain  the  alkali  metal. 

A  thermocouple  was  attached  to  the  boat  and  was  used  to  position  the  boat  as  well  as  to  obtain 
the  temperature  of  the  alkali  metal . 


B.  CALIBRATION  TUBE 


A  water-cooled  calibration  tube  was  constructed  to  serve  as  a  standard  and  eliminate 
the  effects  of  :  drift  in  photomultiplier  sensitivity,  instrument  response,  and  small  fluctua¬ 
tions  in  the  intensity  of  the  radiation  source.  The  calibration  tube  consists  of  a  copper  pipe 
two  inches  in  diameter  and  46  inches  long.  Diaphragms  containing  small  holes  are  fastened 
to  each  end  of  the  tube .  Hole  size  Is  adjusted  to  give  approximately  the  same  transmission 
as  through  the  absorption  cell  (with  no  vapor  present).  The  Interior  of  the  tube  is  painted  with 
an  optical  black  paint.  Water  cooling  was  Incorporated  to  reduce  temperature  changes,  since 
the  calibration  tube  was  located  adjacent  to  the  heated  absorption  cell .  The  calibration  tube 
can  be  firmly  fixed  on  the  optical  axis  while  the  absorption  cell  Is  slightly  displaced  by  rota¬ 
tion  on  hinged  supports.  After  the  transmission  measurement  is  made,  the  calibration  tube 
Is  removed,  and  the  absorption  cell  Is  returned  to  the  optical  axis  of  the  system. 


C.  OPTICAL  COMPONENTS 

Figure  12  shows  a  schematic  diagram  of  the  optical  components  and  instrumentation 
used  In  the  experiments .  A  tungsten  strip  lamp  was  used  as  a  radiation  source;  Its  tempera¬ 
ture  was  periodically  measured  by  a  calibrated  Micro -Optical  Pyrometer.  A  thick  ground 
quartz  slide  (1-mm  thick)  was  placed  in  front  of  the  source  to  diffuse  the  radiation.  Kodak 
neutral  density  Wratten  Filters,  mounted  between  quartz  microscope  slides,  were  used  to 
attenuate  die  beam.  A  typical  transmission  curve  for  this  filter  is  shown  in  Figure  13.  Radi¬ 
ation  transmitted  by  the  Wratten  filter  passed  through  the  quartz  cell  window,  through  the  hole 
In  the  vapor  barrier,  and  into  the  "vapor  space."  The  radiation  transmitted  by  the  vapor  was 
attenuated  by  the  hole  in  the  second  vapor  barrier  and  then  passed  through  the  second  quartz 
cell  window.  Interference  filters  (Baird  Atomic,  Type  B-5)  were  used  to  transmit  radiation 
of  specific  wavelength  bands .  Four  filters  were  used;  their  peak  transmittance 
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occurred  at  4545,  5505,  6515,  and  7525  A  and  the  band  width  waa  approximately  15-20  per 
cent  of  the  peak  tranamlaaioa  wavelength.  Figure  14  obowa  tranamtttance  curvee  of  the  filter*. 
Radiation  tranamltted  bjr  the  Interference  filter  paaaed  through  a  ground  quartz  diffusion  dlac 
onto  tiie  photomultiplier  tube.  In  the  initial  experiment*,  an  RCA  type  931 -A  tube  waa  uaed. 
However,  an  RCA  type  6217  gave  more  reproducible  reaulta  over  the  wavelength  region  cov¬ 
ered  by  the  Interference  filter*  and  waa  uaed  for  the  majority  of  the  teat* .  The  6217  tube  haa 
a  type  S-4  spectral  reaponae  curve;  it  haa  a  peak  reaponae  between  3600  and  5800  A,  but 
glvea  a  reaaonable  signal  throughout  the  range  lnveatlgated .  An  Eldorado  Photomultiplier 
Photometer  waa  uaed  to  aupply  the  voltage  for  the  tube  to  meaaure  the  Intensity  of  the  trana¬ 
mltted  light.  The  inatrument  haa  provlalona  for  auppresslng  the  dark  current  and  can  read 
lntenaitlea  over  a  10*  range.  Calibration  teata  Indicate  the  reaponae  of  the  inatrument  to  be 
reaaonably  linear  over  the  range  of  lntenaitlea  uaed.  A  copper,  light-tight,  blackened  boua- 
lng  encaeea  die  photomultiplier  tube  and  the  Interference  filter  atray  light  la  reduced  in  other 
portion*  of  the  ay  stem . 
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GRAPHITE  VAPOR  BARRIER  USED  IN  SODIUM  EXPERIMENTS 


FIGURE  11 

GRAPHITE  VAPOR  BARRIER  AFTER  ATTACK  BY  POTASSIUM  VAPOR 
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FIGURE  14 
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FIGURE  14 


TRANSMITTANCE  OF  INTERFERENCE  FILTERS 


VI.  PROCEDURE  AND  DATA  REDUCTION 


A.  EXPERIMENTAL  PROCEDURE 


The  following  procedure,  with  occasional  slight  variations,  was  followed  in  all  experi¬ 
mental  tests. 

1.  The  absorption  tube  was  aligned  on  the  optical  bench,  and  the  lamp,  filter,  holder, 
and  phototube  were  fixed  in  place. 

2.  The  ends  of  the  absorption  cell  were  removed,  and  the  alkali  metal,  stainless  steel 
boats,  and  graphite  or  stainless  steel  vapor  barriers  vere  positioned  within  the  cell.  Ther¬ 
mocouples  were  positioned,  and  the  ends  of  the  absorption  cell  were  returned  to  their  origi¬ 
nal  location.  During  this  time  the  alkali  metal  and  absorption  tube  were  kept  under  a  blanket 
of  dry  argon . 

3.  The  tungsten  lamp  was  set  at  a  desired  temperature  (1675°C),  the  photometer  com¬ 
pensated  for  dark  current,  one  of  the  Interference  filters  was  Inserted  in  the  optical  path, 
and  a  measurement  of  light  transmitted  through  the  absorption  tube  was  made.  (During  this 
experiment  the  absorption  cell  was  at  room  temperature  with  water  flowing  through  the  cool¬ 
ing  colls.)  The  absorption  cell  was  rotated  from  the  optical  axis,  and  the  calibration  tube 
placed  in  the  optical  axis.  The  transmission  of  light  through  the  calibration  tube  was  meas¬ 
ured.  Different  Interference  filters  were  placed  in  the  optical  path,  and  the  photometer  read¬ 
ings  of  radiation  transmitted  through  the  cell  and  calibration  tube  were  recorded.  The  tem¬ 
perature  of  the  strip  lamp  was  recorded  and  checked  periodically.  When  measurements  had 
been  made  for  four  Interference  filters,  the  strip  lamp  was  adjusted  to  a  new  temperature 
(1920°C),  and  the  procedure  was  repeated.  Measurements  were  repeated  with  a  lamp  tem¬ 
perature  of  2170°C.  This  procedure  constituted  a  "cold  run."  Ratios  of  the  intensity  of 
radiation  transmitted  through  the  absorption  cell  to  that  transmitted  through  the  calibration 
tube  Gceii/Icai)  were  calculated  for  different  source  temperatures  and  bulb  temperatures . 

In  general,  there  was  little  variation  among  the  ratios.  However,  differences  in  bulb  fila¬ 
ment  position,  utilization  of  different  locations  on  the  photomultiplier  tube,  slight  misalign¬ 
ment  of  the  absorption  cell  and  calibration  tube  on  the  optical  axis,  etc . ,  resulted  in  vari¬ 
ations  of  some  +  8  percent  in  the  values  of  these  ratios  for  different  lamp  temperatures,  and 
less  than  +  S  percent  for  different  interference  filters  at  the  same  lamp  setting.  Particular 
values  of  the  ratios  could  be  reproduced  at  any  time  during  the  "cold  run, "  so  that  the  vari¬ 
ation  was  not  a  random  type . 

4.  The  cell  temperature  was  raised  gradually  until  the  boat  or  boats  containing  the 
alkali  metal  were  at  the  desired  temperature .  Boat  temperatures  corresponding  approxi¬ 
mately  to  total  vapor  pressures  of  0. 1,  1,2,  4,  8  and  16  mm  Hg  were  chosen.  The  temper¬ 
ature  profiles  in  die  absorption  cell  were  adjusted  so  diet  the  temperature  of  the  alkali  metal 
boat  was  lower  than  the  remainder  of  the  central  heated  portion.  The  remainder  of  the  vapor 
space  (including  the  vapor  barriers)  was  kept  IS  to  25*C  above  the  boat  temperature  to  pre¬ 
vent  condensation  on  the  tube  wall .  Thus,  die  vapor  in  the  cen:ral  portion  of  the  tube  was 
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•lightly  superheated  above  die  Mtuntlon  temperature .  Typical  temperature  profllee  are 
shown  la  Plguree  IS  and  16,  for  rune  in  which  one  and  two  alkali  boate  were  ueed.  We  car¬ 
ried  out  aeveral  experiments  In  which  we  attempted  to  euperheat  the  vapor  100  to  150*C 
above  the  saturation  temperature;  these  will  be  discussed  later. 

After  the  desired  temperature  profile  was  achieved,  die  system  was  allowed  to  stabilize 
for  1/2  to  1-1/2  hours.  When  all  temperatures  were  steady,  transmission  measurements 
were  made.  The  same  technique  was  used,  l.e. ,  alternate  measurements  of  the  Intensity  of 
radiation  passing  through  the  cell  containing  the  vapor,  and  through  the  empty  calibration 
tube.  Measurements  were  repeated  with  various  combinations  of  lamp  temperatures  and  In¬ 
terference  filters.  Temperatures  of  the  alkali  metal  boats  were  measured  periodically. 

Ratios  of  Icell/tcal)  were  calculated. 

5.  The  procedure  of  Step  4  was  repeated  at  a  higher  absorption  cell  temperature  and 
higher  partial  pressures  of  the  alkali  metal.  During  each  test,  we  observed  the  vapor  by  eye 
and  through  a  hand  spectrometer.  The  observations  were  noted  and  recorded  periodically. 

6.  After  five  to  eight  series  of  measurements  at  various  alkali  metal  partial  pressures, 
the  absorption  cell  was  cooled.  When  the  cell  had  returned  to  room  temperature,  another 
"cold  run"  (Step  3)  was  conducted. 

7.  The  cell  was  disassembled,  the  Internal  components  were  inspected,  and  the  parts 
were  cleaned  with  water  and  acetone.  The  apparatus  was  prepared  for  the  next  test . 

In  six  to  eight  of  the  calibration  tests  and  experiments,  we  felt  that  data  obtained  were 
not  valid  (e.g. ,  runs  In  which  the  vapor  barriers  were  attacked,  or  In  which  there  were  prob¬ 
lems  In  obtaining  desired  temperature  profiles).  Three  testa  using  both  sodium  and  potassi¬ 
um  vapors  were  carried  out  with  an  eight -Inch  nominal  vapor  path  (l.e.,  eight  Inches  between 
the  inner  face  of  the  vapor  barriers).  Two  tests  using  both  sodium  and  potassium  vapors 
were  conducted  with  a  four -Inch  nominal  vapor  path.  Several  tests  In  which  the  vapor  In  the 
tube  was  superheated  over  100* C  above  the  saturation  temperature  were  conducted.  Each 
test  consists  of  measurements  In  four  wavelength  bands,  three  lamp  temperatures,  and 
from  five  to  eight  average  vapor  partial  pressures.  Test  duration  was  from  12  to  20  hours . 
The  total  pressure  In  the  absorption  cell  was  maintained  at  an  approximately  constant  value 
of  one  or  two  pslg.  Argon  was  used  as  the  inert  gas  In  all  tests. 


B.  CALCULATIONS  AND  DATA  REDUCTION 


When  a  beam  of  monochromatic  radiation  passes  through  a  vapor  of  constant  composi¬ 
tion  and  part  of  the  radiation  Is  absorbed  and  reradtated,  the  transmitted  radiation  can  be 
expressed  In  terms  of  the  Incident  radiation,  an  absorption  coefficient,  and  the  vapor  char¬ 
acteristics,  according  to  a  Beer's  law  type  of  formulation  given  below: 

1  x  -  <-  <8> 
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RATURE  PROFILE  04  ABSORPTION  CELL  •  4  1/2**  VAPOR  PATH 


where  end  1^  ere  the  txmnamltted  and  incident  radii  done,  <r\  ia  the  abaorptlon  coeffi¬ 
cient  at  wavelength  X.  (croaa  eectlon),  N'  ia  the  number  of  atoma  per  unit  volume  of  the  ab¬ 
sorbing  vapor,  and  L  ia  the  path  length.  This  equation  indicatee  that  the  atoma  are  absorb- 
ing  the  energy,  and  la  aometlmea  alternately  written  in  terms  of  the  partial  pressure  of  the 
vapor  as: 

273  P 

lx  ■l^exp^N^ijL)  (9) 

where  N  la  the  number  of  atoms/cm^  at  standard  temperature  and  pressure,  P  Is  the  partial 

PL 

pressure  of  the  vapor,  and  T  is  its  absolute  temperature.  A  plot  of  -t n  (I/I0)  versus  -^r- 

should  give  a  straight  line,  and  the  absorption  coefficient  can  be  determined  from  the  slope 
of  the  curve. 


In  the  experiments,  however,  monochromatic  radiation  was  not  used;  Instead  the 
transmission  over  bands  of  800  to  1300  A  was  measured.  If  the  absorption  coefficient  is  con 
stent  over  the  wave  band  and  the  attenuation  of  radiant  energy  is  due  to  atomic  absorption,  a 

PL 

plot  of  4n  (I/l0)band  should  also  be  linear  with  (There  are  several  other  factors,  such 


as  response  of  phototube,  source  spectrum,  etc . ,  which  can  cause  nonlinearity;  these  will 


be  discussed  later.)  The  data  were  arranged  as  plots  of  <Cn  I/IQ  versus 


PX273 


and 


PLx273 
T  * 


Since  absorption  is  expected  to  be  molecular  in  nature,  it  is  desirable  to  interpret  the  re¬ 
sults  in  terms  of  number  of  molecules  of  vapor.  For  sodium,  molecular  vapor  pressures 
are  available  and  can  be  used;  for  potassium,  it  would  be  best  to  plot  the  Intensity  ratio 
|r2p2L 

versus  — ^ —  ,  since  the  molecular  pressure  should  be  proportional  to  the  square  of  the 
equilibrium  constant  times  the  square  of  the  pressure  (K,  however,  varies  with  temperature). 


In  reducing  and  analyzing  the  data,  one  needs  the  intensity  ratios,  partial  pressures, 
path  lengths,  and  temperatures .  The  intensity  ratios  are  obtained  from  die  following  equation: 


l\ cell 
I'cal 


temp 


cold 


(10) 


The  first  term  represents  the  ratio  of  light  passing  through  the  absorption  cell  containing 
vapor  to  that  passing  through  the  calibration  tube;  the  second  term  represents  the  ratio  of 
light  passing  through  the  calibration  tube  to  that  passing  through  the  absorption  cell  when  no 
vapor  is  present.  By  referring  the  measurements  of  radiation  passing  through  the  cell  to 
measurements  of  the  radiation  passing  through  die  calibration  tube,  we  eliminate  small  vari¬ 
ations  in  source  lamp  temperature,  and  photomultiplier  amplification  or  drift. 
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Tbs  avenge  temperature  of  the  vapor  in  the  cell  can  be  determined  from  the  tempera  - 
ture  of  the  alkali  boat  and  the  temperature  profile  In  the  eyatem.  In  moat  caaee,  the  aver¬ 
age  vapor  temperature  waa  20* C  above  the  alkali  boat  temperature.  In  aeveral  experlmenta 
with  a  four-inch  nominal  vapor  path,  we  attempted  to  euperheat  the  vapor  to  100  to  150*C 
above  the  eatu ration  temperature.  Under  theae  condlttona  we  noticed  vapor  condensation  on 
the  surface  a  of  the  boat  and  on  the  absorption  cell  directly  over  the  alkali  boat.  The  pres¬ 
sure-path  length  product  could  not  be  determined  accurately,  and  the  data  are  not  reliable. 
An  alternate  method  of  superheating  the  vapor  has  been  designed,  and  la  included  In  our 
recommendations  for  future  work. 


The  following  discussion  summarizes  the  method  of  determining  the  vapor  pressure- 
path  length  product.  Consider  a  vapor  space  In  a  long  absorption  cell  having  the  geometri¬ 
cal  arrangement  and  final  temperature  profile  indicated  In  Figure  17.  Alkali  metal  Is  placed 
In  boats  at  positions  indicated  in  the  diagram.  Let  us  assume  that  the  system  Is  Initially 
filled  with  an  Inert  gas,  so  that  the  total  pressure  is  P-p  (which  equals  Pi,  the  Inert  gas  pres¬ 
sure  when  the  cell  Is  cold).  If  the  cool  portions  of  the  cell  are  Urge  compared  to  the  heated 
portion,  or  If  the  cell  Is  attached  to  a  gas  reservoir  of  Urge  volume,  the  pressure  within  die 
system  Pp,  will  remain  essentUUy  constant  during  the  heating  of  the  central  portion.  As  the 
cell  containing  the  alkali  Is  heated  and  the  alkali  vaporizes,  the  alkali  metal  vapor  displaces 
some  of  the  Inert  gas  as  It  diffuses  through  the  central  heated  zone.  The  vapor  then  diffuses 
through  the  narrow  passage  In  die  vapor  barrier  Into  die  space  outside  the  barrier,  where  It 
condenses  on  the  cooled  portions  of  the  cell .  The  sum  of  the  partial  pressures  of  alkali  and 
Inert  gas  remain  constant  at  Pp.  After  the  equilibrium  condition  Is  reached,  there  Is  no  net 
motion  of  the  Inert  gas,  but  alkali  metal  vapors  gradually  diffuse  from  the  center  of  the  cell 
to  the  cool  ends.  Both  the  presence  of  the  Inert  gas  and  the  small  apertures  In  the  vapor 
barrier  reduce  the  diffusion  of  the  alkali  to  the  tube  ends .  The  alkali  condenses  only  outside 
the  heated  vapor  space,  since  the  central  portion  of  the  cell  is  maintained  at  a  higher  tem¬ 
perature  than  the  alkali  In  the  boat. 

The  distribution  of  alkali  partial  pressure  In  the  cell  can  be  obtained  from  considera¬ 
tion  of  the  equations  for  diffusion  of  one  gas  through  a  stagnant  layer  of  another  gas.  In  any 
constant  area  portion  of  the  absorption  cell,  the  rate  at  which  molecules  of  the  vapor  move 
through  the  Inert  gas  In  the  x  direction  is  given  by  the  equation: 
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where  Ny  Is  moles  of  vapor  diffusing  per  unit  time  per  unit  area  of  tube,  and  Pv  and  P|  repre¬ 
sent  the  partial  pressures  of  the  vapor  and  Inert  gas,  D  Is  the  diffusion  coefficient,  and  T  Is 
the  absolute  temperature.  Neglecting  the  variation  of  diffusion  coefficient  with  partial  pres¬ 
sure,  and  assuming  a  constant  temperature  over  each  constant  area  zone,  we  can  obtain  the 
following  equations  for  the  pressure  of  the  vapor  In  each  zone: 
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FIGURE  17 

DIAGRAM  OF  ABSORPTION  CELL  SHOWING  GEOMETRY  FOR  VAPOR  PATH  ANALYSIS 


wh«rt  Py  ts  tha  partial  praaaura  of  tha  alkali  at  dlataaca  x  from  tha  baginning  of  a  conataat 
crota  aectlon  zona,  Pj  ^  la  tha  partial  praaaura  of  tha  Inert  gaa  at  tha  beginning  of  the  zona, 
and  a  la  given  by  tha  relation: 
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Repreeentlng  the  praaaura  of  Inert  gaa  at  planee  0,0;  1,1;  2,2;  and  3,3  In  Figure  17  by 
P,  .  P.  .  P.  ,  and  P,  i  we  obtain  the  relatlonahlp: 
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It  should  be  noted  that  a  -^a  _2^2-3  B*nce  *1*  diffusion  rate  per  unit  area  la  not  the  same 
In  each  aectlon  of  the  cell.  However,  the  total  diffusion  rate  must  be  the  same  In  each  sec¬ 
tion;  this  gives  the  relationship: 


a0-l  A0-l  *  ai-2  Al-2  “  a2-3  A2-3 


(17) 


Thus  the  partial  pressure  of  the  vapor  In  each  constant  area  section  decreases  In  accord¬ 
ance  with  an  equation  similar  to  Equation  (12);  however,  the  aterms  are  Inversely  propor¬ 
tional  to  the  cross  section  area  of  the  cell.  The  pressure  of  the  alkali  vapor,  therefore, 
decreases  slowly  with  length  In  the  section  with  large  area,  and  rapidly  In  the  section  with 
small  area.  As  a  numerical  example,  consider  the  following  dimensions,  which  are  typical 
of  those  actually  used  In  toe  experiments: 

xl  *  2"’  xi  '  *i  “  1/2"’  3" 

t  2 

Aq_j  *  Aj  g  *  3.14  in  ,  A^j  *  0.049  In  (radius  ratio  of  1/8) 


For  conditions  where  Pv,o  *  10  mm  Hg,  P  *  760  mm  Hg,  and  Pv,3  Is  assumed  to  be  10'* 
mm  Hg  (In  equilibrium  with  cooling  water),  PV|  j  and  Py  2  are  found  to  be  approximately 
9.44  mm  Hg  and  0.56  mm  Hg,  respectively.  Thus,  toe  major  drop  in  the  partial  pressure 
of  the  alkali  occurs  In  the  narrow  portion  of  the  tube.  In  experiments  we  performed,  the 
ratio  of  cell  cross-sectional  area  to  vapor  barrier  area  was  even  larger  than  the  64/1  ratio 
used  in  the  example,  therefore,  the  partial  pressure  ts  even  more  constant  in  the  wide 
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portUm  of  tbs  call,  and  decreases  mors  rapidly  in  tbs  narrow  vapor  barrlar.  Tbs  above 
•stl mates  of  tbs  partial  pressure  profile  have  neglected  the  effects  of  discontinuities  between 
small  and  large  cross  sections,  temperature  variation,  variation  of  diffusion  coefficients, 
and  convection  currents .  These  effects  have  been  analyzed  by  DltchburnO2)  and  found  to  be 
■mall  in  absorption  tubes  similar  to  tbs  ones  used  In  this  Investigation.  The  combination  of 
vapor  barrier  and  inert  gas  adequately  contains  the  alkali  vapor  within  the  heated  portion  of 
the  cell,  so  that  the  concentration  profile  Is  very  close  to  a  "square  wave"  type. 

An  analysis  similar  to  diet  above  was  conducted  using  the  dimensions  of  die  experi¬ 
mental  apparatus.  The  results  showed  that  die  path  length -preesure  product  In  all  experi¬ 
ments  could  be  approximated  to  within  five  to  10  percent  by  assuming  a  constant  partial 
preesure  of  vapor  within  the  space  between  the  vapor  barriers,  a  linear  decrease  to  zero  In 
partial  pressure  In  tbs  narrow  portion  of  the  vapor  barrier,  and  a  zero  alkali  metal  partial 
pressure  In  the  remainder  of  the  absorption  tube . 
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VP.  EXPERIMENTAL  RBSULTS  AND  DISCUSSION  OP  RBSULTS 


Typical  data  and  reaulta  showing  the  decrease  In  Intensity  of  radiation  passing  through 
alkali  metal  vapors  are  given  In  Figures  18  through  23.  The  results  can  be  examined  and  In 
terpreted  In  view  of  several  factors:  1)  reproducibility  of  data,  2)  effect  of  source  tempera¬ 
ture,  3)  effect  of  wavelength,  4)  effect  of  alkali  metal  pressure,  and  5)  effect  of  vapor  path 
length. 


A.  DATA  REPRODUCIBILITY 


Figure  18  shows  die  fractional  transmission  of  radiant  energy  through  potassium  vapor 
273 

plotted  versus  P  x  -=- .  The  vapor  path  length  was  8-1/2  Inches  (8 -inch  nominal  length)  for 

these  testa  and  the  lamp  source  temperature  was  1920*C.  The  results  of  three  tests  are 
shown;  the  curves  are  drawn  through  the  data  points  by  inspection.  Although  there  Is  consid¬ 
erable  acatter  of  the  data,  the  trends  can  be  readily  observed  and  the  data  can  be  applied  to  a 
practical  system.  Scatter  in  the  data  can  be  attributed  to  several  factors,  die  principal  factor 
being  optical  alignment  of  the  system .  As  the  absorption  tube  Is  heated  and  expands  the  vapor 
barrier  may  shift  In  position  slightly .  The  shifting  has  the  same  effect  As  changing  the  value 
of  <lceu/lca|)  cQid,  and  may  result  In  an  error  of  +  10  percent,  In  the  calculated  transmission. 
Several  experiments  were  performed  In  which  the  absorption  cell  was  heated  with  no  clkall 
metal  present  and  the  variation  of  (Icell/lcal)  with  average  cell  temperature  was  noted .  In 
some  cases  die  variations  amounted  to  10  per  cent  and  were  not  reproducible.  Although  In¬ 
itial  experiments  showed  the  photometer  to  be  relatively  linear,  some  error  In  die  values  of 
ICell tnd  *cal  01111 1,0  attributed  to  errors  In  photometer  readings  and  drift  of  the  phototube. 

In  some  experiments  the  vapor  condensed  outside  the  vapor  barriers  In  small  particles  which 
could  scatter  the  radiation  Incident  on  them.  Experiments  In  which  we  noted  particle  forma¬ 
tion  are  not  used  In  die  analysis .  Errors  In  temperature  measurement  Introduce  uncertainty 
In  the  alkali  metal  pressure  and  also  Introduce  some  scatter.  The  over-all  accuracy  of  the 
data  Is  estimated  to  be  better  than  i  20  per  cent  In  the  range  of  transmission  from  1  per  cent 
to  80  per  cent. 

Tests  with  sodium  vapor  and  with  four  Inch  nominal  path  lengths  showed  the  same  type 
of  reproducibility  Indicated  In  Figure  18. 

B.  EFFECT  OF  SOURCE  TEMPERATURE 


The  temperature  of  the  tungsten  strip  lamp  source  was  varied  from  1000aC  to  2170°C. 
Experiments  with  lamp  temperatures  below  1600* C  were  not  reproducible  due  to  fluctuations 
In  lamp  temperature  and  movement  of  the  filament  on  heating.  Above  1600*C,  filament  ex¬ 
pansion  and  movement  did  not  seem  to  Influence  the  Intensity  of  the  radiation  reaching  the 
phototube.  The  Intensity  of  radiation  reaching  the  phototube  was  also  low  at  low  lamp  temper¬ 
atures.  When  die  cell  was  heated,  the  background  radiation  emanating  from  the  absorption 
tube  and  vapor  barriers  became  significant  compared  to  the  radiation  passlngthrough  the  vapor 
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potassium  no  potassium 


P  X  273/T  (mm  Jfc/*K) 

FIGURE  18 

TRANSMISSION  OF  RADIANT  ENERGY  THROUGH  POTASSIUM  VAPOR  SHOWING 
REPRODUCIBILITY  OF  DATA 


from  the  lamp  source.  This  made  transmission  results  at  low  source  temperatures  and  high 
vapor  pressures  unreliable .  A  ground  quartz  diffusion  plate  was  placed  between  the  lamp  and 
the  absorption  cell  or  calibration  tube  to  reduce  the  effect  of  movement  of  the  lamp  filament. 
The  apparent  brightness  temperatures  of  the  ground  quartz  (which  acted  as  a  secondary  source) 
were  1400,  1575,  and  1750*C  when  the  lamp  brightness  temperatures  were  1675,  1920  and 
2170*C,  respectively.  The  lamp  was  not  operated  at  higher  temperatures  In  order  to  Insure 
the  lamp  life  over  a  complete  test.  Figure  19  shows  the  fractional  transmittance  of  radiation 
through  sodium  vapor  (path  length  8  1/2  Inches)  for  various  source  temperatures.  Little  ef¬ 
fect  of  source  temperature  can  be  noted.  The  same  results  were  obtained  for  other  experi¬ 
mental  conditions  using  both  sodium  and  potassium  vapor.  If  the  absorption  of  the  vapors  Is 
essentially  constant  over  the  wavelength  bands  measured,  than  the  effect  of  source  temperature 
should  be  small.  The  small  range  of  source  temperatures  used  also  results  In  only  a  small 
effect.  The  similarity  between  the  results  for  different  lamp  temperatures  gives  confidence  to 
the  data  since  apparent  dips  and  changes  In  the  shape  of  the  absorption  curves  were  the  same 
Independent  of  source  temperature. 


C.  EFFECT  OF  WAVELENGTH 


Figures  20  and  21  Indicate  the  variation  of  transmission  through  alkali  metal  vapors  with 
wavelength.  The  average  absorption  coefficients  for  sodium  vapor  Increase  for  wavelength 
regions  having  their  peak  transmission  In  the  order  of  4500,  7500,  5500,  6500  A  at  relatively 
high  total  vapor  pressures  (4-20  mm  Hg).  At  lower  vapor  pressures  the  order  appears  to  be 
changed  to  7500,  5500,  4500  and  6500.  At  high  partial  pressures  very  little  radiation  passes 
through  sodium  vapor  In  the  yellow  and  red  regions  of  the  spectrum.  From  visual  observation 

this  is  due  to  the  strong  band  structure  extending  from  near  the  D  lines  to  the  red  (*X+  *_**X+). 

There  Is  also  considerable  absorption  In  the  blue  and  green  corresponding  to  the  band  4900  A 
1  +  1 

(  1  n  ).  The  sodium  vapor  appears  violet  at  high  temperatures  since  there  Is  little  ab- 

8  u 

sorption  In  this  portion  of  the  spectrum . 


Potassium  vapor  appears  to  absorb  less  strongly  In  the  region  covered  by  this  Investiga¬ 
tion.  As  seen  In  Figure  21,  there  Is  little  absorption  In  the  wave  bands  with  peaks  at  4500 
and  5500  A.  Greater  absorption  observed  In  the  6500  and  7500  A  region.  Absorption  In  the 

o  1  +  1 

latter  region  Is  due  to  the  strong  band  centered  near  6500  A  (  2  tt^),  whereas  the  for¬ 

mer  corresponds  to  the  weaker  band  system  centered  near  4500  A.  The  potassium  molecules 
also  should  show  c  very  strong  band  structure  near  8500  A  (beyond  the  range  covered  in  this 

investigation)  due  to  *1*  transitions.  This  band  corresponds  to  the  band  observed 

near  the  D  lines  for  sodium  and  should  have  approximately  the  same  absorption  strength.  Thus 
the  band  structure  observed  In  potassium  vapor  in  the  red  corresponds  to  the  weaker  system 
observed  In  the  blue  for  sodium  vapor.  We  conclude  that  although  the  absorption  by  potassium 
was  apparently  less  than  for  sodium  for  the  partial  pressures  and  wavelength  regions  Investi¬ 
gated,  potassium  vapor  should  show  strong  absorption  In  the  8500  to  9500  A  region. 
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FIGURE  19 

EFFECT  OF  SOURCE  TEMPERATURE  ON  TRANSMISSION  OF  SODIUM  VAPOR 
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P  x  273/T  (mm  f%/*K) 

FIGURE  20 

TRANSMISSION  OF  SODIUM  VAPOR  IN  VARIOUS  WAVELENGTH  BANDS 
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FIGURE  21 

TRANSMISSION  OF  POTASSIUM  VAPOR  IN  VARIOUS  WAVELENGTH  BANDS 
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D.  EFFECT  OF  PRESSURE  OF  ALKALI  METAL 


P  x  273 

The  data  shown  thus  far  have  been  presented  In  terms  of  Intensity  ratio  versus  -  , 

a  term  proportional  to  the  number  of  atoms  of  vapor  per  unit  length.  Although  In  some  cases 
a  straight  line  relationship  can  be  drawn  (for  example  sodium  vapor,  6500  A  and  7500  A  band 
centers;  potassium  4500  A  and  5500  A  band  centers)  this  may  be  misleading,  since  molecular 
absorption  Is  th2  Important  mechanism  of  radiant  attenuation.  If  the  data  are  replotted  as 
logarithm  of  intensity  ratio  versus  partial  pressure  of  alkali  molecules,  more  curvature  Is 
observed  in  the  lines  connecting  the  data  points,  l.e. ,  an  Increase  In  partial  pressure  does  not 
produce  as  great  a  decrease  In  the  logarithm  of  the  transmission  as  a  direct  proportionality 
would  indicate.  (For  sodium  vapor  In  the  band  6000  to  7000  A ,  a  direct  proportionality  with 
molecular  pressure  still  exists.)  The  curvature  should  not,  however,  be  Interpreted  to  dis¬ 
count  the  evidence  of  molecular  absorption.  The  relationship  between  the  logarithm  of  trans¬ 
mission  and  molecular  pressure  Is  not  expected  to  be  linear  since  the  absorption  Is  not  con¬ 
stant  over  the  wavelength  bands  measured  but  consists  of  absorption  lines  at  specific  wave¬ 
lengths  .  Other  factors  such  as  nonlinearity  of  photomultiplier  response  with  wavelength  and 
variation  of  transmission  coefficient  with  wavelength  of  the  filters  used  In  the  apparatus  also 
contribute  to  the  relationship  between  Intensity  ratio  and  pressure. 


For  purposes  of  extrapolation  of  the  data  near  the  range  of  the  experimental  Investigation 
it  is  not  Important  whether  the  partial  pressure  of  atoms  or  molecules  Is  used  provided  the 
proper  "absorption  coefficients"  are  used,  and  the  mechanism  of  the  absorption  Is  realized. 
Table  II  gives  absorption  coefficients  for  various  spectral  regions  for  alkali  metal  vapors . 
Values  in  the  visible  range  were  calculated  from  the  results  of  this  Investigation,  values  In  the 
ultraviolet  range  were  obtained  from  the  literature. The  coefficients  can  be  used  In  the 
equation: 
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where  P  Is  the  alkali  metal  pressure  in  mm  Hg  (monatomic  or  diatomic)  and  o  is  the  corres¬ 
ponding  absorption  coefficient  (cm^),  N  is  the  number  of  atoms  (or  molecules)  per  cm**  at 
S.T.P.,  T  Is  the  temperature  (*K)  and  L  is  the  path  length  (cm). 


E.  EFFECT  OF  VAPOR  PATH  LENGTH 

In  experiments  with  a  four -Inch  nominal  path  length  much  less  absorption  was  noted  than 
in  experiments  with  eight-inch  path  lengths  at  corresponding  vapor  pressures.  Figures  22  and 
23  show  typical  data  for  experiments  with  two  vapor  path  lengths.  The  data  fall  reasonably 
well  on  the  same  curve.  Variations  can  be  explained  on  the  fact  that  the  absorption  is  not  con¬ 
stant  over  the  entire  wavelength  band.  If  a  spectral  line  (or  group  of  lines)  is  completely  ab¬ 
sorbed  in  a  short  path  length,  further  Increases  In  path  length  may  not  decrease  the  absorption 
over  a  band  containing  these  lines.  In  some  cases,  with  the  four-inch  nominal  vapor  path, 
there  was  difficulty  In  preventing  condensation  In  the  region  near  the  alkali  metal  boat.  Thus, 
the  data  for  these  runs  are  not  as  reliable  as  data  for  the  eight -inch  vapor  path.  The  data  pre¬ 
sented  above  Indicate  that  relatively  strong  molecular  absorption  occurs  in  vapor  columns  of 
alkali  metals.  Information  on  spectral  absorption  coefficients  would  be  useful  in  extrapolating 
data  to  systems  different  from  those  considered  In  this  Investigation. 
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EFFECTIVE  ABSORPTION  CROSS  SECTIONS 
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(1)  Experimental  Results 


Inten.itr  Ratio, 


0  10  20  30  40  SO 

P  xlx  273/T  (mm  Hg  Inches/8  K) 


FIGURE  22 

EFFECT  OF  PATH  LENGTH  ON  TRANSMISSION  THROUGH  SODIUM  VAPOR 
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Vm,  APPLICATION  OP  RESULTS  TO  SYSTEMS 
WITH  RADIANT  HEAT  TRANSFER 


From  the  results  presented  above  and  from  calculations  based  on  literature  data  at  ab¬ 
sorption  due  to  the  photolonlzatlon  effect,  we  can  make  some  estimates  of  the  effect  of  alkali 
metal  vapors  on  radiant  heat  transfer. 

Consider,  for  example,  an  arc  or  plasma  device  which  radiates  In  certain  regions  as  a 
black  body  at  temperatures  of  8000,  10, 000,  and  20, 000*K.  If  radiation  from  this  source 
passes  through  a  layer  of  alkali  metal  vapor  before  reaching  the  walls  of  the  system  enclosure, 
energy  can  be  absorbed  and  reradiated  to  other  parts  of  the  system.  Table  III  shows  the  rad¬ 
iant  energy  that  can  be  absorbed  (and  reradlated  In  all  directions)  by  a  vapor  column  of  Indi¬ 
cated  path  length  pressure  product  over  specific  spectral  ranges.  Heat  transfer  rates  to 
boundaries  of  the  system  may  undergo  similar  changes.  The  spectral  ranges  chosen  are  those 
where  data  on  absorption  coefficients  are  available.  For  purposes  of  calculation,  the  vapor 
assumed  was  to  be  at  a  temperature  of  1000*K.  Examination  of  the  table  shows  that  columns 
of  sodium,  potassium  or  cesium  vapor  require  large  path  length- pressure  products  to  absorb 
most  of  the  energy  in  the  ranges  below  the  series  limits.  The  fraction  of  the  total  energy  In 
these  ranges  varies  from  five  to  34  per  cent.  Similar  calculations  show  that  lithium  vapors 
will  absorb  almost  completely  the  radiation  In  the  range  of  1600  to  2300  A  for  the  path  length 
products  which  are  an  order  of  magnitude  less.  Rubidium  vapors  will  have  approximately  the 
same  absorption  characteristics  as  cesium  vapors . 

Similar  calculations  can  be  made  using  the  experimental  results  obtained  for  sodium  and 
potassium  vapors.  The  graphs  and  absorption  coefficients  presented  earlier  show  that  absorp¬ 
tion  In  the  visible  region  will  be  greater  than  absorption  due  to  the  photolonlzatlon  effect. 

Table  IV  shows  some  results  using  the  experimental  data.  The  values  reported  are  typical  for 
transmission  through  alkali  metal  vapors  In  the  temperature  range  of  650  to  800°K  for  sodium 
and  for  potassium  for  path  lengths  of  10  to  25  cm  and  vapor  pressures  from  one  to  16  mm  Hg. 

It  was  assumed  that  vapor  systems  will  have  similar  ratios  of  molecules  to  atoms  as  existed 
In  our  experimental  work. 

In  the  region  where  little  data  Is  available,  1  .e. ,  between  the  series  limits  and  the  visi¬ 
ble  region,  sodium  and  potassium  vapors  are  expected  to  absorb  sllgbtly  due  to  molecular  band 
absorption  and  spectral  line  absorption.  Potassium  vapor  will  also  show  strong  absorption  In 
the  near  Infrared,  a  factor  which  may  be  Important  In  lower  temperature  systems.  Cesium 
vapor  Is  also  expected  to  absorb  In  the  Infrared  as  well  as  the  visible  regions . 

In  the  above  analysis,  black  body  radiation  sources  were  assumed.  In  most  plasma  and 
arc  systems,  except  perhaps  high  pressure  systems,  the  majority  of  the  radiation  will  occur 
at  specific  wavelengths  rather  than  In  a  continuous  spectrum.  It  is  possible  that  a  source  will 
radiate  strongly  in  or  near  a  strong  absorption  band  of  the  alkali  metal,  or  in  a  region  where 
the  photolonlzatlon  effect  Is  strong.  Under  these  conditions  heat  transfer  by  radiation  could 
be  attenuated  to  a  much  greater  degree  than  Is  estimated  above.  Absorption  data  as  a  func¬ 
tion  of  wavelength  will  be  useful  In  making  estimates  of  radiation  attenuation  from  specific 
types  of  plasma  or  arc  devices . 


48 


49 


TABLE  IV 


IX.  CONCLUSIONS  AND  RECOMMENDATIONS 


From  the  analyses  and  experiments  In  this  investigation  we  conclude  the  following; 

1 .  Attenuation  of  radiation  by  alkali  metal  vapors  and  the  resultant  modification  In 
heat  transfer  to  boundary  surfaces  can  be  Important  phenomena  In  the  spectral  range  from 
1600  to  9000  A  due  to  molecular  band  absorption  and  photolonlzation  effects. 

2.  For  sodium,  potassium,  cesium,  and  rubidium  vapor  In  a  gas  at  1000°K,  vapor 
layers  with  path  length* pressure  products  greater  than  1000  cm  mm  Hg  are  required  to  give 
significant  absorption  by  photolonlzation.  This  could  Indicate  that  In  large  systems  operating 
at  moderate  pressures  sufficient  quantities  of  alkali  metal  could  be  present  to  give  appreciable 
changes  in  heat  transfer  In  the  region  from  1600  to  3500  X.  For  lithium  vapor,  path  length- 
pressure  products  In  the  order  of  100  cm  mm  Hg  are  required  for  significant  absorption. 

3.  Absorption  can  also  occur  for  sodium  and  potassium  vapor  In  the  visible  region  due 
to  molecular  band  absorption.  Path  length -pres sure  products  from  10  to  100  cm  mm  Hg  are 
sufficient  for  significant  absorption  to  occur,  when  black  body  radiation  from  high  tempera¬ 
ture  sources  Is  considered.  Potassium  vapor  should  also  absorb  strongly  In  the  near  Infrared. 
Lithium,  cesium,  and  rubidium  are  expected  to  absorb  radiation  in  the  same  manner  with 
approximately  the  same  pressures  and  path  lengths  required. 

4.  Since  the  absorption  by  alkali  vapors  Is  primarily  molecular  in  nature  and  occurs 

In  specific  spectral  regions,  conditions  can  exist  In  an  arc  or  plasma  system  where  the  energy 
radiated  from  the  source  lies  near  or  In  absorption  bands  of  the  alkali.  Strong  radiant  energy 
absorption  and  modification  of  local  heat  transfer  rates  can  then  occur. 

5.  In  this  preliminary  Investigation,  It  was  shown  that  the  absorption  of  radiant  energy 
In  certain  spectral  regions  can  significantly  affect  heat  transfer  conditions  In  plasma  and  arc 
systems.  These  results,  therefore,  Justify  the  use  of  more  elaborate  spectrographlc  techni¬ 
ques  In  order  to  apply  absorption  data  to  actual  arc  or  plasma  systems  without  measurements 
under  many  specific  conditions.  More  Information  Is  also  needed  on  the  dimerization  reaction 
of  the  alkali  metals  and  the  partial  pressure  of  molecules  In  alkali  metal  systems. 
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X.  FUTURE  WORK 


Based  cm  our  experience  In  this  investigation,  we  have  proposed  a  design  of  an  absorp¬ 
tion  apparatus  which  will  eliminate  some  of  the  problems  arising  in  the  present  work.  In  the 
design  shown  in  Figure  24,  the  alkali  metal  holder  is  heated  and  cooled  independently  of  the 
remainder  of  the  absorption  tube.  The  absorption  cell  will  be  of  a  dual  type,  one  portion  con¬ 
taining  alkali  metal  vapor  and  inert  gas,  the  other  containing  only  an  inert  gas.  Instead  of 
shifting  the  absorption  cell  and  calibration  tube  in  and  out  of  the  optical  axis,  we  anticipate 
the  use  of  a  mirror  and  lens  system  to  record  the  transmission  of  radiant  energy  through  the 
vapor  filled  and  empty  tubes  alternately.  The  spectral  range  of  any  future  investigations 
should  be  extended  to  include  that  between  the  ultraviolet  and  visible  and  the  near  infrared. 
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